Introduction {#sec1}
============

Cholangiocarcinoma (CCA) is one of the primary hepatobiliary malignancies,[@bib1]^,^[@bib2] which is anatomically classified into intrahepatic cholangiocarcinoma (ICC) and extrahepatic cholangiocarcinoma (ECC), derived from cholangiocytes and epithelial cells lining in the intra-hepatic and extra-hepatic biliary ducts, respectively. CCA is an aggressive malignancy regardless of its originating sites, with a median survival of about 24 months from the date of diagnosis.[@bib3] Surgical resections are only clinically applicable for early-stage CCA patients.[@bib4] For patients with advanced-stage CCA, combinatorial chemotherapy with gemcitabine and cisplatin is the standard clinical practice. Despite current therapeutic strategies, the survival rates of CCA patients still remain at a low level. Hence, it is urgent to explore the underlying molecular mechanisms and develop potential diagnostic and therapeutic targets for CCA.

With the improvement of methods investigating transcriptome in recent years, the major portion of human genome has been found to be non-coding regions.[@bib5]^,^[@bib6] Long noncoding RNAs (lncRNAs) are among these indispensable noncoding RNAs that have been proven to play crucial regulatory roles in human cancers.[@bib7], [@bib8], [@bib9] The lncRNAs typically exert their roles through interaction with proteins,[@bib10], [@bib11], [@bib12] serving as scaffolds or guides to modulate protein-protein or protein-DNA interaction.[@bib13]^,^[@bib14] Several lncRNAs have been reported to play roles in CCA cells. For example, Shi et al.[@bib15] found that the lncRNA AFAP1-AS1 exerts oncogenic effects in CCA, promoting growth and metastasis of CCA cells. In addition, H19 and HULC were reported to regulate CCA cell migration and invasion via a competing endogenous RNA (ceRNA) manner.[@bib16] However, the comprehensive transcriptions and molecular mechanisms of lncRNAs during the carcinogenesis and development of CCA have not been depicted. The FOXO subgroup of forkhead transcription factors has been shown to play major roles in the tumorigenesis of various cancers,[@bib17]^,^[@bib18] including CCA.[@bib19] Guan et al.[@bib19] reported that FOXO3 deficiency promotes CCA tumorigenesis and induces tumor cell resistance to cisplatin through activating NRF2 signaling. However, the molecular mechanisms, covering lncRNAs and/or FOXO3, underlying CCA development remain largely unknown.

In our present study, we first characterized the transcriptional landscape of lncRNAs in CCA. We identified hundreds of lncRNAs that showed dysregulation in CCA tumor samples. We found and further validated that the long intergenic non-coding RNA, LINC01714, was recurrently downregulated in CCA and that its low expression predicted the poor outcome for CCA patients. Functional assays in CCA cells revealed that LINC01714 could substantially suppress the proliferation, migration, and invasion of CCA tumor cells both *in vitro* and *in vivo*. LINC01714 was found to be associated with several key genes involved in tumor-related pathways. Our further analysis revealed that LINC01714 physically interacted with FOXO3 protein by binding the forkhead (FH) domain. LINC01714 could inhibit the phosphorylation of FOXO3-Ser318 in CCA cells. Notably, our study suggested that LINC01714 could enhance gemcitabine sensitivity in CCA cells through suppressing FOXO3-Ser318 phosphorylation status. Our study sheds light on the molecular mechanisms underlying CCA and provides insights into therapeutic strategy for CCA patients.

Results {#sec2}
=======

Transcriptional Landscape and Dysregulation of lncRNAs in CCA {#sec2.1}
-------------------------------------------------------------

To investigate the comprehensive dysregulation and potential biological roles of lncRNAs in the carcinogenesis processes of CCA, an expression profile of samples from The Cancer Genome Atlas (TCGA) CCA cohort was obtained. In addition, lncRNAs annotated in GENCODE (release 22) were used to extract a lncRNA expression profile of CCA patients. Our analysis detected 14,058 lncRNAs that showed expression in at least one patient sample. In order to explore the expression distribution of lncRNAs in CCA, different cutoffs for lncRNA detection were used. On average, 66.53% lncRNAs showed expression levels that were lower than 0.1 fragments per kilobase of transcript per million mapped reads (FPKM), and 8.4% lncRNAs showed expression levels that were higher than 1 FPKM ([Figure 1](#fig1){ref-type="fig"}A). Across all expressed lncRNAs, an average of 16.1% lncRNAs were detected in less than 10% of all samples, and 31.6% lncRNAs were expressed in more than 90% samples ([Figure 1](#fig1){ref-type="fig"}B). These observations showed that most lncRNAs were extensively detected in CCA samples, despite their pervasively low expression. Furthermore, differential expression analysis revealed 751 upregulated and 569 downregulated lncRNAs in CCA tumor samples compared with adjacent normal samples ([Figure 1](#fig1){ref-type="fig"}C). Among these differentially expressed lncRNAs, the expression level of 79 lncRNAs showed significant association with CCA patient overall survival ([Figure 1](#fig1){ref-type="fig"}D). These lncRNAs may play important roles in CCA. The expression variation and survival association of these lncRNAs are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. Our results indicated that lncRNAs might be involved in the development and progression of CCA.Figure 1The Expression Landscape of lncRNAs in CCA(A) Overall distribution of lncRNA expression in CCA patients. (B) Detected sample distribution of lncRNAs with different expression levels in CCA samples. (C) Heatmap shows the expression variations of differentially expressed lncRNAs between CCA tumor and paired normal samples derived from the TCGA dataset. (D) Scatterplot shows the expression difference (tumor vs. normal fold change) and significance of survival difference (log-rank test p value) of differentially expressed lncRNAs. Red dots represent upregulated lncRNAs, blue dots represent downregulated lncRNAs, and purple dots represent lncRNAs that showed significant survival difference between high- and low-expression samples.

LINC01714 Is Recurrently Downregulated and Associated with Poor Survival Outcome in CCA Patients {#sec2.2}
------------------------------------------------------------------------------------------------

To identify lncRNAs that play crucial biological roles in CCA, we verified the top 10 long intergenic non-coding RNAs that showed both differential expression and significant survival association in clinical samples derived from an independent CCA cohort (named cohort 1 in this study; see [Materials and Methods](#sec4){ref-type="sec"}). LINC01714 showed significant downregulation in TCGA CCA tumor samples, compared with paired adjacent normal samples ([Figure 2](#fig2){ref-type="fig"}A; p = 1.95E−09, Student's t test), and the low expression of LINC01714 was significantly associated with poor survival outcome among CCA patients in the TCGA cohort ([Figure 2](#fig2){ref-type="fig"}B; p = 0.047, log-rank test). The downregulation of LINC01714 was also observed in cohort 1 ([Figure 2](#fig2){ref-type="fig"}C). In addition, the expression variation of LINC01714 was explored in 33 TCGA cancer types. The significant downregulation of LINC01714 was observed only in CCA and liver cancer samples ([Figure S1](#mmc1){ref-type="supplementary-material"}), which indicated the specific functions of LINC01714 in CCA. Furthermore, our analysis revealed that the low expression of LINC01714 was able to predict poor survival outcome of CCA patients in cohort 1 ([Figure 2](#fig2){ref-type="fig"}D). Moreover, CCA samples showed significant deletion of LINC01714 copy number ([Figure 2](#fig2){ref-type="fig"}E). The copy number deletion also indicated poor survival outcome of CCA patients in cohort 1. These observations showed that LINC01714 could be a potential predictor for CCA patient outcome and might participate in the progression of CCA carcinogenesis or development.Figure 2LINC01714 Is Clinically Associated with CCA Patient Outcome(A) The expression level (FPKM value) of LINC01714 between paired CCA tumor and adjacent normal samples quantified from TCGA RNA-seq data. (B) Kaplan-Meier analysis of the association between LINC01714 expression level and the overall survival of CAA patients in the TCGA dataset. (C) Boxplot shows the relative expression of LINC01714 (70 matched CCA tumor/non-tumor samples in cohort 1). (D) Kaplan-Meier plot indicates the survival difference between CCA patients that show high and low expression of LINC01714. High expression and low expression in groups of CCA patients were divided by the median level of LINC01714 expression. (E) The genomic copy numbers of LINC01714 in tumor and non-tumor samples. (F) Kaplan-Meier plot indicates the survival difference between CCA patients that show high and low copy numbers of LINC01714. High and low copy number groups of CCA patients were divided by the median level of LINC01714 genomic copy number. The RNA levels of LINC01714 in (C) and (D) were quantified by quantitative real-time PCR. Values are indicated as the median with interquartile range in (A), (C), and (E). Statistical analyses were performed using the Student's t test, as in (A), (C), and (E), and the log-rank test, as in (B), (D), and (F).

Furthermore, the sequence of the LINC01714 gene was retrieved from the NCBI database (<https://www.ncbi.nlm.nih.gov>). We found that the LINC01714 gene expressed three isoforms ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The 5′ and 3′ rapid amplification of complementary DNA end assays (5′ RACE and 3′ RACE) revealed that the full length of LINC01714 dominant isoform is about 497 bp ([Figures S2](#mmc1){ref-type="supplementary-material"}B and S2C). LINC01714 showed expression variations across different CCA cell lines, wherein CCLP1 cells expressed the highest LINC01714 and HuCCT1 expressed the lowest ([Figure S2](#mmc1){ref-type="supplementary-material"}D). LINC01714 also was expressed in both cytoplasm and nucleus ([Figure S2](#mmc1){ref-type="supplementary-material"}E). The LINC01714 gene was predicted to possess no protein-coding potential by the LNCipedia database ([Figure S3](#mmc1){ref-type="supplementary-material"}A).[@bib20] Moreover, *in vitro* transcription and translation assay revealed that neither the sense nor the antisense transcript of LINC01714 was able to encode protein, which demonstrated that LINC01714 was a bona fide noncoding RNA ([Figure S3](#mmc1){ref-type="supplementary-material"}B).

LINC01714 Suppresses Growth, Migration, and Invasion Abilities of CCA Cells *In Vitro* and *In Vivo* {#sec2.3}
----------------------------------------------------------------------------------------------------

To further explore the roles of LINC01714, functional assays were performed to determine the biological effects of LINC01714 on CCA tumor cells. The accumulation of LINC01714 expression significantly impaired the viability of HuCCT1 cells ([Figure S4](#mmc1){ref-type="supplementary-material"}A), while the knockdown of LINC01714 resulted in significant increased cell viability of CLLP1 cells ([Figure 3](#fig3){ref-type="fig"}A). Additionally, overexpression of LINC01714 significantly suppressed the migratory and invasive abilities of HuCCT1 cells ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4C). Further knockdown of LINC01714 by independent small interfering RNAs (siRNAs) brought about the increase of cell migration and invasion in CLLP1 cells ([Figures 3](#fig3){ref-type="fig"}B and 3C). These results showed that LINC01714 suppressed the proliferative, migratory, and invasive abilities of CCA tumor cells *in vitro*.Figure 3LINC01714 Suppresses Proliferation Migration and Invasion of CCA Tumor Cells *In Vitro*(A) Cell viability assays for CCLP1 cells transfected with LIHC01714 siRNAs or mock controls. (B) Cell migration assays for CCLP1 cells transfected with LIHC01714 siRNAs or mock controls. (C) Cell invasion assays for CCLP1 cells transfected with LIHC01714 siRNAs or mock controls. (D) LINC01714 suppressed the CCA tumor growth in the nude mouse model bearing subcutaneous tumor xenografts from the LINC01714-transfected HuCCT1 cell line. (E) Representative images of H&E staining in the metastatic liver loci and statistical data comparing the LINC01714 group with the vector control group. (F) Representative images of H&E staining in the metastatic lung loci and statistical data comparing the LINC01714 group with the vector control group. Values are indicated as median with interquartile range in (D) and as mean ± SEM in (A)--(C), (E), and (F). \*\*p \< 0.01; \*\*\*p \< 0.001.

To further examine the inhibition effects of LINC01714 on CCA tumor cells *in vivo*, HuCCT1 cells with transfection of expressed LINC01714 or vector control were transplanted into nude mice through subcutaneous injection. Both the volumes and weights of tumors were dramatically lower in the LINC01714 group than those in the control groups ([Figure 3](#fig3){ref-type="fig"}D). The effects of LINC01714 on cell migration and metastasis were also evaluated. The metastatic nodules in both liver and lung were significantly decreased in the LINC01714 group ([Figures 3](#fig3){ref-type="fig"}E and 3F; [Figure S4](#mmc1){ref-type="supplementary-material"}D). In addition, the hematoxylin and eosin (H&E) staining results showed a dramatic decrease of metastatic foci derived from cells of the LINC01714 group in liver and lung tissue sites ([Figures 3](#fig3){ref-type="fig"}E and 3F). Taken together, these observations demonstrated that LINC01714 suppresses the tumorigenicity and tumor development of cholangiocyte both *in vitro* and *in vivo*.

The notable inhibitory effects of LINC01714 on CCA tumorigenicity and development drove us to investigate the possible underlying molecular mechanisms. RNA sequencing (RNA-seq) analysis was performed following LINC01714 knockdown to examine the variations of gene expression profiles in CCLP1 cells. Compared with control, our analysis identified hundreds of dysregulated genes in CCLP1 cells transfected with two independent LINC01714 siRNAs ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Functional annotation of these dysregulated genes revealed that they were involved in tumor-related biological processes, including metabolic process, cell cycle, and metastasis process ([Figure S5](#mmc1){ref-type="supplementary-material"}B). Further gene set enrichment analysis (GSEA) showed that LINC01714 knockdown in CCA cells mainly affected the insulin signaling pathway, vascular endothelial growth factor (VEGF) signaling pathway, and mitogen-activated protein kinase (MAPK) signaling pathway, which all play crucial roles in tumor ([Figure S5](#mmc1){ref-type="supplementary-material"}C). Quantitative real-time PCR was used to verify the remarkable mRNA changes of selected genes involved in tumor growth and metastasis ([Figure S6](#mmc1){ref-type="supplementary-material"}A). The protein levels of downregulation and upregulation were also verified by western blot in HuCCT1 and CCLP1 cells ([Figure S6](#mmc1){ref-type="supplementary-material"}B). Our results suggested that LINC01714 might exert its roles in CCA through the regulation of key tumor-related genes in CCA cells.

LINC01714 Interacts with FOXO3 and Increases Its Transcription in CCA Cells {#sec2.4}
---------------------------------------------------------------------------

To obtain a better understanding of how LINC01714 performs its activities in cholangetic carcinogenesis and tumor progression, RNA pull-down assays were conducted to identify LINC01714-related proteins in CCA cells. The mass spectrometry analyses following LINC01714 pull-down experiments revealed specific protein bands around 70 kDa ([Figure 4](#fig4){ref-type="fig"}A). Based on the filtrations of high confidence scores (no less than 100 in mass spectrometric assays) and absence in corresponding antisense groups, nine proteins that might interact with LINC01714 were obtained (listed in the table in [Figure 4](#fig4){ref-type="fig"}A). Our quantitative real-time PCR results confirmed that FOXO3 protein was specifically associated with sense, but not antisense, LINC01714 ([Figure 4](#fig4){ref-type="fig"}B). The LINC01714-FOXO3 interaction was further verified by RNA immunoprecipitation (RIP) assays, wherein LINC01714 was significantly enriched in FOXO3 antibody but not immunoglobulin G (IgG) control ([Figure 4](#fig4){ref-type="fig"}C). In order to determine the specific LINC01714 fragment that binds the FOXO3 protein, a series of deletions were constructed to map the truncated LINC01714 fragments with FOXO3 protein. The results of deletion-mapping analyses showed that the 1- to 195-nt fragment of LINC01714 was required for its interaction with FOXO3 protein ([Figure 4](#fig4){ref-type="fig"}D). Moreover, our RIP assays revealed that the FH DNA-binding domain (1--57 aa) of FOXO3 was responsible for binding with LINC01714 ([Figure 4](#fig4){ref-type="fig"}E). Specifically, the interaction between FOXO3 and LINC01714 was significantly abolished under the deletion of the FOXO3 FH domain. The overexpression of LINC01714 increased the protein level of FOXO3, whereas knockdown of LINC01714 reduced the FOXO3 protein level ([Figure 4](#fig4){ref-type="fig"}F). The overexpression of LINC01714 enhanced the accumulation of FOXO3 protein in the cells treated with a proteasome inhibitor, MG132 ([Figure 4](#fig4){ref-type="fig"}G). The observation suggested that LINC01714 might inhibit the proteasome-dependent degradation of FOXO3 protein in CCA cells. In summary, LINC01714 could physically interact with FOXO3 and was positively associated with the FOXO3 protein level.Figure 4LIHC01714 Physically Interacts with FOXO3 in CCA Cells(A) LINC01714 pull-down assay analyzed by SDS-PAGE. (B) Western blot analysis of the FOXO3 protein retrieved from LINC01714 pull-down assay. (C) The quantitative real-time PCR results of RIP assays using an anti-FOXO3 antibody. (D) Immunoblotting detection of FOXO3 protein in the pull-down samples. The full-length sense and antisense biotinylated-LINC01714 (\#1 and \#5, respectively) and truncated biotinylated-LINC01714 sequences (\#2 includes 1--287 bp, \#3 includes 1--195 bp, and \#4 includes 1--101 bp) were analyzed. β-actin serves as input control. (E) RIP assays for different domains of FOXO3 protein. Quantitative real-time PCR was used to determine the enrichment of LINC01714 binding with each FOXO3 domain. (F) Western blot analysis of FOXO3 protein level in LINC01714- or si-LIHC01714-transfected cells. (G) The FOXO3 protein levels were measured in LINC01714, si-LINC01714, or control cells. Cells were treated with MG132 (50 μmol/L) for 0, 4, 8, or 16 h before protein harvest. Values are indicated as mean ± SEM in (C) and (E). \*\*p \< 0.01; \*\*\*p \< 0.001.

LINC01714 Reduces FOXO3 Phosphorylation in CCA Cells {#sec2.5}
----------------------------------------------------

Given that LINC01714 physically interacts with FOXO3, we next examined the molecular consequence of the interaction. The overexpression of LINC01714 significantly increased the FOXO3 protein level in nucleus compared with that in cytoplasm ([Figures 5](#fig5){ref-type="fig"}A and 5B). In immunofluorescence staining assays, the increasing FOXO3 protein level was also observed in LINC01714-overexpressed HuCCT1 cells ([Figure 5](#fig5){ref-type="fig"}D). Next, we examined whether LINC01714 exerted impacts on the phosphorylation of FOXO3 protein in CCA cells. Our analysis found that overexpression of LINC01714 significantly decreased the phosphorylation level of FOXO3-Ser318, while no obvious impact on FOXO3-Ser253 phosphorylation status was found ([Figure 5](#fig5){ref-type="fig"}C). To examine whether the influence of LINC01714 on phosphorylation status was specific to FOXO3, we further checked the phosphorylation level of AKT, ERK, and BAD proteins. The phosphorylation level of BAD protein, but not that of AKT or ERK protein, was increased in LINC01714-overexpressed HuCCT1 cells ([Figure 5](#fig5){ref-type="fig"}E). However, after the influence of FOXO3 siRNAs, LINC01714-overexpressed HuCCT1 did not show any increased level of phosphorylated BAD protein. This observation indicated that LINC01714 might influence the phosphorylation of BAD protein through interacting with FOXO3. To explore the pathological significance of the LINC01714-FOXO3 combination, immunohistochemical staining of FOXO3 in CCA tumor and corresponding non-tumor samples was analyzed. Consistent with the reduction of the FOXO3 protein level in CCA tumor samples, a decreased mRNA level of LINC01714 was also detected in the corresponding samples ([Figure 5](#fig5){ref-type="fig"}F). Notably, CCA patients with high LINC01714-FOXO3 levels showed better overall survival compared with those with low LINC01714-FOXO3 levels ([Figure 5](#fig5){ref-type="fig"}G). Our analysis revealed that LINC01714 specifically inhibited the phosphorylation status of FOXO3 protein.Figure 5LINC01714 Regulates the Phosphorylation Level of FOXO3 in CCA Cells(A) Immunoblotting analysis of the FOXO3 distribution between cytoplasm and nucleus in LINC01714 (+) and LINC01714 (−) HuCCT1 cells. GAPDH and lamin B1 serve as controls in cytoplasm and nucleus, respectively. (B) Barplots show the statistical data of FOXO3 distribution between cytoplasm and nucleus in HuCCT1 cells. (C) Immunoblotting results show the phosphorylation status of FOXO3-S318 and FOXO3-S253 in HuCCT1 cells with or without LINC01714 transfection. (D) Immunofluorescence staining of HuCCT1 cells after transfection with LINC01714 or vector control. (E) Immunoblotting analysis for the phosphorylation status of AKT, ERK, and BAD proteins in HuCCT1 with LINC01714, LINC01714+siFOXO3, or control vector transfection. (F) Representative immunohistochemistry (IHC) images of FOXO3 expression levels in tumor and non-tumor samples. Barplots show the mRNA levels of LINC01714 in corresponding tumor and non-tumor samples. (G) Kaplan-Meier analysis of the influence of the LINC01714-FOXO3 combination on CCA patient survival. Values are indicated as mean ± SEM in (B) and (F). \*\*p \< 0.01; \*\*\*p \< 0.001.

LINC01714 Enhances Drug Sensitivity of Gemcitabine in CCA Tumor Cells {#sec2.6}
---------------------------------------------------------------------

To further explore the clinical significance of LINC01714 for CCA patients, we investigated its effects on treatment with gemcitabine, which is usually used in the chemotherapy for CCA patients. The knockdown of LINC01714 dramatically increased the half-maximal inhibitory concentrations (ICs~50~) in gemcitabine-treated CCLP1 cells ([Figure 6](#fig6){ref-type="fig"}A). Moreover, the overexpression of LINC01714 significantly reduced the IC~50~ in gemcitabine-treated HuCCT1 cells ([Figure 6](#fig6){ref-type="fig"}B). Remarkably, the tumor expanded dramatically in the nude mouse model bearing subcutaneous tumor xenografts from LINC01714-knockdown CCLP1 cell lines with gemcitabine treatment ([Figure 6](#fig6){ref-type="fig"}C). In mice in which LINC01714 was expressed, the tumor was repressed and decreased in both weight and volume ([Figures S7](#mmc1){ref-type="supplementary-material"}A--S7C). Moreover, the number of both lung and liver metastatic nodules showed a significant decrease ([Figures 6](#fig6){ref-type="fig"}D, 6E, and [S8](#mmc1){ref-type="supplementary-material"}A). We also observed that gemcitabine-treated mice with overexpressed LINC01714 have a longer survival time than those with control vector ([Figure 6](#fig6){ref-type="fig"}F). These observations indicated that LINC01714 was able to enhance gemcitabine sensitivity in CCA tumor cells. We further investigated whether FOXO3 impacts the enhancement of LINC01714 on gemcitabine. LINC01714 knockdown combined with FOXO3 overexpression could not induce a notable IC~50~ increase for gemcitabine-treated CCLP1 cells ([Figure 6](#fig6){ref-type="fig"}G). Compared with control samples, LINC01714-knockdown samples showed a reduction of the FOXO3 protein level and an increased phosphorylated FOXO3-Ser318 level ([Figures S8](#mmc1){ref-type="supplementary-material"}D and S8E). Furthermore, the dramatic drop of IC~50~ was not observed in LINC01714+siFOXO3 HuCCT1 cells with gemcitabine treatment ([Figure 6](#fig6){ref-type="fig"}H). LINC01714-overexpression samples showed an increased FOXO3 protein level and a decreased FOXO3 phosphorylated FOXO3-Ser318 level ([Figure S8](#mmc1){ref-type="supplementary-material"}B). The increase of the FOXO3 protein level and decrease of the FOXO3 phosphorylation level caused by the overexpression of LINC01714 was further validated by western blot assays in gemcitabine-treated CCLP1 cells ([Figures S8](#mmc1){ref-type="supplementary-material"}C and S8D). These results suggested that LINC01714 exerted its enhancement on gemcitabine in CCA cells through phosphorylated FOXO3 protein.Figure 6LIHC01714 Is a Candidate Therapeutic Target for CCA(A) IC~50~ analysis for gemcitabine-treated CCLP1 cells with si-LINC01714 and corresponding control transfection. (B) IC~50~ analysis for gemcitabine-treated HuCCT1 cells with LINC01714 and corresponding control transfection. (C) LINC01714 suppressed the liver metastasis of CCA tumor in the nude mouse model bearing subcutaneous tumor xenografts from gemcitabine-treated CCLP1 cell lines. (D) Thermographic assessment of liver or lung tumor in LINC01714 overexpression and control mouse groups. (E) Representative data of H&E staining in the tumor foci of the liver or lung samples obtained from nude mice after injection with LINC01714-overexpression cells. (F) Survival analysis between mouse groups with gemcitabine-treated CCLP1 cell lines with LINC01714 or control transfection. (G) IC~50~ analysis for gemcitabine-treated CCLP1 cells with siLINC01714+FOXO3 and corresponding control transfection (Student's t test p \< 0.001). (H) IC~50~ analysis for gemcitabine-treated HuCCT1 cells with LINC0174+siFOXO3 and corresponding control mice groups (Student's t test p = 0.0002). (I) Mechanism model depicting briefly how LINC01714 enhances gemcitabine sensitivity through reducing FOXO3 phosphorylation in CCA cells. Values are indicated as mean ± SEM in (C). \*\*p \< 0.01; \*\*\*p \< 0.001.

Discussion {#sec3}
==========

lncRNAs have been shown to play indispensable roles in human cancers. Certain RNAs have been found to participate in the process of tumor development in human cancers,[@bib21], [@bib22], [@bib23] including CCA.[@bib15]^,^[@bib16] However, the general dysregulation of lncRNA transcription and their molecular roles in CCA have still been unclear. Our study first portrayed the transcriptional landscape of lncRNAs in CCA. Most lncRNAs were expressed at relatively low levels but were detected in a large portion of CCA samples. To date, the TCGA CCA cohort is the most abundant resource that includes genomic, transcriptomic, and clinical data, nut all TCGA RNA-seq data were generated from poly(A) RNA extraction. Total RNA extraction from CCA samples will surely result in more accurate and diverse lncRNA detection. We identified hundreds of lncRNAs that showed differential expression in CCA tumor samples. Among them, 79 lncRNAs also showed a significant association with patient survival. We only give evidence of 10 lncRNAs that showed the most expression variation in independent CCA cohorts. These 10 lncRNAs showed the potential to take part in the CCA progression, although other lncRNAs of less significance might also exert functions in CCA cells. LINC01714 was found to be recurrently downregulated in CCA tumor samples, and its low expression could predict poor survival outcome for CCA patients. These observations were found in both the TCGA and two other independent CCA cohorts, indicating our solid results. These observations suggested LINC01714 as a promising predictor for the survival outcome of CCA patients.

Our experiments in CCA cells and xenograft mice revealed that LINC01714 suppressed the growth, migration, and invasion abilities of CCA tumor cells. We found that LIINC01714 interacted with FOXO3 and inhibited the phosphorylation status of FOXO3-Ser318. Targeting the LINC01714 or FOXO3 suppressor in CCA tumor cells might be a prospective therapeutic strategy in clinical treatment for CCA patients.

Gemcitabine is used for patients with advanced-stage CCA in current clinical practice.[@bib24], [@bib25], [@bib26] Our IC~50~ analysis in CCLP1 and HuCCT1 cells revealed that LINC01714 could enhance the drug sensitivity of gemcitabine in CCA cells. Moreover, LINC01714 exerts its impact on gemcitabine through interaction with FOXO3 phosphorylation. This suggested that combinatorial use of gemcitabine and LINC01714 transcriptional promoters might produce better therapeutic effects for advanced-stage CCA patients. Our findings provide insights into clinical treatment for CCA patients.

In summary, our present study found that LINC01714 was recurrently downregulated in CCA tumor samples and predicted the survival outcome of patients with CCA. LINC01714 suppressed the growth, migration, and invasion of CCA cells both *in vitro* and *in vivo*. LINC01714 physically interacts with FOXO3 protein and inhibits its phosphorylation level in CCA cells. The sensitivity of gemcitabine could be enhanced by LINC1714 through modulating phosphorylated FOXO3-Ser318, suggesting LINC01714 as a candidate for combinatorial chemotherapy with gemcitabine for CCA patients.

Materials and Methods {#sec4}
=====================

Cell Lines and Human Clinical Samples {#sec4.1}
-------------------------------------

The CCA cell lines HuCCT1 and CCLP1 were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cholangetic tissues of CCA cohorts (70 paired patients with CCA and corresponding adjacent normal samples were involved in this cohort) were obtained from the surgical specimen archives of Zhongshan Hospital, Fudan University, Shanghai, China.

Quantitative Real-Time PCR Assay {#sec4.2}
--------------------------------

TRIzol Reagent (Invitrogen, Carsbad, CA, USA) was used to extract total RNA from the clinical tissue and cell lines in this study. Then, total RNA was reverse transcribed into cDNA in the LifePro Thermal Cycler (Hangzhou Bioer Technology, Hangzhou, China) according to the instructions of the reverse transcriptase kit (Takara Bio, Dalian, China). The quantitative real-time PCR was utilized to determine relative RNA levels, which were measured on the 7900 Real-Time PCR System with the SDS v.2.3 software sequence detection system (Applied Biosystems, Waltham, MA, USA) using the SYBR Green (Takara Bio) method. The relative RNA levels were normalized by using β-actin as the internal control in each sample and calculated by utilizing the 2−ΔΔCt relative quantification method.[@bib27]

RNA-Seq {#sec4.3}
-------

Total RNA was collected using TRIzol Reagent (Invitrogen); then, rRNAs were removed by using the RiboMinus Eukaryote Kit (QIAGEN, Valencia, CA, USA). We next prepared the RNA-seq libraries using the NEBNext Ultra Directional RNA Library Prep Kit (New England Biolabs, Beverly, MA, USA) according to the manufacturer's instructions. The ribosome-depleted RNA libraries were subjected to the Illumina HiSeq 3000 (Illumina, San Diego, CA, USA) for sequencing. The raw sequencing reads were first processed to clip adaptor sequences and low-quality bases by Trimmomatic software.[@bib28] Afterward, all filtered reads were aligned to the human reference genome (hg38) using the splice-aware aligner HISAT2.[@bib29] The Cufflinks program[@bib30] was used to calculate the gene expression level in FPKM units.

TCGA Datasets {#sec4.4}
-------------

The RNA-seq V2 expression data and corresponding clinical information of TCGA CCA cohorts (36 tumor and 9 adjacent normal samples) were obtained from the genomic data commons (GDC) data portal (<https://portal.gdc.cancer.gov/>).[@bib31] The raw sequencing reads were aligned to hg38 by the GDC using a two-pass method with STAR aligner.[@bib32] Furthermore, the HTseq count tool[@bib33] was used to calculate the reads mapped to all genes annotated in the GENCODE database (v.22),[@bib34] including both protein-coding and long noncoding genes. Read counts were then normalized to FPKM values.

Differential Expression Analysis {#sec4.5}
--------------------------------

Nine paired tumor/normal samples were included in the TCGA CCA cohorts. The gene read counts of tumor and paired adjacent normal samples were used for differential expression analysis by DESeq2.[@bib35] In differential analysis, lncRNA genes that showed a false discovery rate (FDR) ⩽ 0.05 (Benjamini-Hochberg corrected p value) and \|log~2~ fold-change\| ≥ 1 were identified as significantly differentially expressed.

Survival Analysis {#sec4.6}
-----------------

Survival analysis was performed as described in a previous study.[@bib36] Briefly, the expression levels of each lncRNA across all tumor samples in each sample group were used to explore whether they were associated with the prognosis status of tumor patients. For each lncRNA, CCA tumor samples were divided into two groups according to the median value of expression. Then the log-rank test was used to compare the survival duration difference between two groups.

Northern Blot Assays {#sec4.7}
--------------------

The Ambion Northern Max-Gly Kit (Austin, TX, USA) was used to detect LINC01714 RNA levels in tissue and cells. Briefly, the nylon membrane (nitrocellulose \[NC\] membrane) with positive charge was utilized to electrophorese and siphon the extracted total RNA samples. UV cross-linking was conducted to fix the RNA on the NC membrane. Then, the DIG Northern Starter Kit (Roche, Indianapolis, IN, USA) was used with a digoxin-labeled LINC01714-specific oligonucleotide probe to detect LINC01714.

Western Blot Assays {#sec4.8}
-------------------

SDS-PAGE was used to separate proteins and transfer proteins to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA), which were blocked with 5% nonfat milk and incubated with corresponding primary antibodies followed by horseradish-peroxidase-conjugated secondary antibodies. Then, the chemiluminescence and enhanced chemiluminescence (ECL) reagents (Pierce Biotechnology, Rockford, IL, USA) were utilized for visualization of the immunoreactivity, and the densitometry was measured using the Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA).

RNAi and Lentivirus Construction {#sec4.9}
--------------------------------

The siRNA oligonucleotides used for LINC01714 or FOXO3 in this study were purchased from RiboBio (Guangzhou, China). The human LINC01714 sequence was amplified from cDNAs. pWPXL-LINC01714 was generated by cloning LINC01714 sequence into the BamHI and EcoRI sites of pWPXL lentiviral vectors. In addition, the open reading frame sequence of FOXO3 was inserted into the pWPXL vector to construct FOXO3 expression vectors. pWPXL, pWPXL-LIHC01714, or pWPXL-FOXO3 was transfected along with the packaging plasmid psPAX2 and the envelope plasmid pMD2G into HuCCT1 cells by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The virus particles were collected 48 h after transfection and then were infected into CCA cells with recombinant lentivirus-transducing units using 1 μg/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA).

*In Vitro* Cell Migration and Invasion Assays {#sec4.10}
---------------------------------------------

The invasion assays were performed in Millicell chambers that were coated with 30 μg Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). Similar operations were conducted in the migration assays but without coated membrane. The cells (5 × 10^4^ and 1 × 10^5^, for migration and invasion assays, respectively) were added to the upper chambers. DMEM containing 10% fetal bovine serum (FBS) was placed into the lower chambers as a chemoattractant. The cells were then incubated at 37°C with 5% CO~2~ for 24 h. After the incubation, we fixed the cells that migrated or invaded through the filters with 20% methanol. Fixed cells were then stained with 0.1% crystal violet. We randomly selected five fields to count the cell numbers by using an inverted microscope (Olympus, Tokyo, Japan).

*In Vivo* Metastasis Assays {#sec4.11}
---------------------------

Nude mice (female BALB/c-nu/nu mice) were purchased from the Experimental Animal Center of the Shanghai Cancer Institute (Shanghai, China) for our *in vivo* metastasis assays. HuCCT1 cells (1 × 10^6^ pWPXL-VECTOR or pWPXL-LINC01714 stable HuCCT1 cells) that were suspended in 0.2 mL serum-free DMEM were injected subcutaneously into each mouse (10 mice for each group) through the right axilla. The tumor growth was monitored. The mice were sacrificed after 60 days, and then livers and lungs were dissected. The liver and lung tissues derived from the mice were fixed with phosphate-buffered neutral formalin and prepared for the following histological examination. H&E staining was utilized to determine the number of metastatic foci in liver or lung tissues under a binocular microscope (Leica, Wetzlar Lottehaus, Germany). The tumor volume was measured as length × square width × 0.5. Experiments performed in this part were all under the regulations of the Shanghai Medical Experimental Animal Care Commission.

RNA Pull-Down Assays and Mass Spectrometry Analyses {#sec4.12}
---------------------------------------------------

First, LINC01714 and antisense LINC01714 RNAs were transcribed *in vitro* and labeled with the Biotin RNA Labeling Mix (Roche, Indianapolis, IN, USA). The RNA samples were treated with RNase-free DNase I (Takara Bio, Shiga, Japan) and then purified with the RNeasy Mini Kit (QIAGEN, Frederick, MD, USA). Second, to format an appropriate secondary structure, RNA structure buffer was used to pre-treat the biotinylated RNAs. Then, the pre-treated biotinylated RNAs were incubated with 1 mg protein extracts at 4°C for 1 h. After the incubation, 40 μL streptavidin-linked magnetic beads (Thermo Fisher Scientific, Rockford, IL, USA) were utilized to perform the pull-down at room temperature for 2 h. Next, the mixture of beads, RNA, and proteins was washed in 1× washing buffer (5 mM Tris-HCl, 1 M NaCl, 0.5 mM EDTA, and 0.005% Tween 20) five times. The precipitation and dilution were conducted in 60 μL protein lysis buffer; then the proteins were separated by using gel elecrophoresis, and the visualization was shown after silver staining according to the manufacturer's instructions. Finally, the retrieved proteins were measured on SDS-PAGE gels for mass spectrometry analysis (Shanghai Applied Protein Technology, Shanghai, China) or western blot.

RIP Assays {#sec4.13}
----------

The Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Danvers, MA, USA) was used to conduct the RIP assays in this study. In brief, lysis buffer (0.5 mL) was utilized to lyse cells in 10-cm dishes with protease inhibitors and RNase inhibitor (Thermo Fisher Scientific, Rockford, IL, USA) according to the manufacturer's instructions. The lysed cells were then subjected to centrifuge at 12,000 rpm for 30 min. Then the supernatants were incubated with Protein G Dynabeads (Thermo Fisher Scientific, Carlsbad, CA, USA) and indicated antibodies. After incubation at 4°C for 12 h, the beads were washed thrice with wash buffer and then twice with PBS. Both the wash buffer and PBS contained RNase inhibitor. The Total RNA Isolation Kit (Thermo Fisher Scientific) was used to extract co-precipitated RNAs, which were then subjected to quantitative real-time PCR assays.

Immunoblotting Analysis {#sec4.14}
-----------------------

The lysis buffer (Beyotime Biotechnology, Shanghai, China) and protease inhibitors (Roche, Indianapolis, IN, USA) were used to lyse cells (5 × 10^6^). The bicinchoninic acid (BCA) method was used to determine the protein concentrations (Pierce, Thermo Fisher Scientific, Rockford, IL, USA). SDS-PAGE was utilized to analyze the samples after centrifugation at 4°C for 15 min. The samples then were transferred to polyvinylidene (PVDF) membranes (Immobilon-P membrane; Millipore, Danvers, MA, USA), and horseradish-peroxidase (HRP)-conjugated secondary antibodies were used in the following immune blotting analysis. Specifically, TBS plus Tween 20 with skim milk (5%) was used to block the membranes at 4°C before the probing was conducted. Finally, the assay results were visualized by using the Enhanced Chemiluminescence Plus Western Blotting Detection Systems (GE Healthcare, Hartford, CT, USA) and the Amersham ImageQuant LAS-4000 EPUV Mini Luminescent Image Analyzer with ECL chromogenic substrates.

*In Vitro* Cellular IC~50~ Assays {#sec4.15}
---------------------------------

Flat-bottomed plates (96 wells) were used to seed si-LINC01714 CCLP1 cells, pWPXL-LINC01714 HuCCT1 cells, and corresponding vector cells. Ten concentration gradients of gemcitabine were performed to determine the IC~50~ values in 100 μL suspended cells (5,000 cells) in each plate well. The Cell Counting Kit-8 (CCK-8) assays (Dojindo, Kyushu, Japan) were used to evaluate the cell viability after 48-h culture.

Statistical Analysis and Plots {#sec4.16}
------------------------------

Data are indicated as the mean ± SEM (standard error of the mean) or median with interquartile range. The difference between two groups was evaluated by Student's t test. The association between LINC01714 RNA levels and overall survival of CCA patients was estimated using the log-rank test. Additionally, the chi-square test was used to assess the functional impact of LINC01714 on CCA cell metastasis *in vivo*. The heatmap was generated by using the *pheatmap* R package, wherein "complete" method with "euclidean" distance was used to cluster the lncRNAs. In addition, the "geom_point" function was applied in the *ggplot2* R package to generate a volcano plot of differentially expressed lncRNAs. All statistical calculations and plots in this study were performed in the R environment.[@bib37] Unless specially stated, we considered a statistical test with a p value \< 0.05 significant.
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